Lignin is a major component of the plant cell wall along with cellulose and hemicellulose, and it is known to be one of the most abundant aromatic compounds in nature. Utilization of this abundant biomass has been expected but has not been established. One of the practical ways to utilize lignin is to degrade it using the enzyme systems of microorganisms to produce commercially valuable compounds. Sphingomonas paucimobilis SYK-6, which has been isolated from pulp effluent, can degrade various dimeric lignin compounds such as ␤-aryl ether, biphenyl, phenylcoumarane, diarylpropane, and pinoresinol (20) . The enzyme genes involved in the degradation of major components of these compounds, ␤-aryl ether (18, 19, 21, 22) and biphenyl (29, 30) , have already been characterized. Vanillate is thought to be a major intermediate metabolite of these dimeric lignin compounds having guaiacyl moieties. As illustrated in Fig. 1 , protocatechuate (PCA) is generated following the O demethylation of vanillate (26) , and it is metabolized to pyruvate and oxaloacetate via the PCA 4,5-cleavage pathway in S. paucimobilis 23) . Three different pathways have been reported for PCA metabolism, the PCA 4,5-cleavage pathway (10, 13-17, 20, 27, 39) , the PCA 3,4-cleavage pathway (8) , and the PCA 2,3-cleavage pathway (6, 41) .
Numerous genetic and biochemical characterizations of the PCA 3,4-cleavage pathway have been established, while the PCA 4,5-and PCA 2,3-cleavage pathways are poorly understood. Although the PCA 4,5-cleavage pathway was enzymatically characterized by Dagley and coworkers (10, 39) and Maruyama and coworkers (13) (14) (15) (16) (17) in the 1980s, no genetic information on the PCA 4,5-cleavage pathway is available except for that included in studies of 27) . According to the reports of Kersten et al. (10) , PCA is first converted into 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) by the PCA 4,5-dioxygenase in the PCA 4,5-cleavage pathway (Fig.  1) . The three-dimensional structure of PCA 4,5-dioxygenase has been elucidated previously (38) . The resultant CHMS is in equilibrium between the open form and the cyclic hemiacetal form. The hemiacetal form of CHMS is thought to be oxidized by CHMS dehydrogenase to produce 2-pyrone-4,6-dicarboxylate (PDC). PDC hydrolase transforms PDC to 4-carboxy-2-hydroxymuconate (CHM) or its tautomer, 4-oxalomesaconate (OMA), and the resultant product is converted into 4-carboxy-4-hydroxy-2-oxoadipate (CHA) by a hydratase. Finally, an aldolase cleaves CHA to generate pyruvate and oxaloacetate.
To understand the whole PCA 4,5-cleavage pathway of S. paucimobilis SYK-6, we are planning to characterize all the genes involved in the enzyme reactions and regulation of the PCA 4,5-cleavage pathway. The genes for the PCA 4,5-dioxygenase (ligAB) (27) and PDC hydrolase (ligI) (23) have already been characterized. In this study, we characterize the CHMS dehydrogenase gene, which is located next to ligB and involved in the second step of the PCA 4,5-cleavage pathway. We also suggest that the reaction product of CHMS dehydrogenase, PDC, is an inducer of the ligAB gene expression.
MATERIALS AND METHODS
Strains and plasmids. The strains and plasmids used in this study are listed in Table 1 . S. paucimobilis SYK-6 was grown at 30°C in W minimal salt medium (29) containing 0.2% (wt/vol) vanillate or syringate or in Luria-Bertani (LB) medium (Bacto-Tryptone, 10 g/liter; yeast extract, 5 g/liter; NaCl, 5 g/liter).
Preparation of substrates. CHMS was prepared from PCA by using the crude PCA 4,5-dioxygenase (LigAB) prior to the enzyme assay. PCA (1.5 mM) was incubated with 100 g of crude extract of Escherichia coli JM109 harboring pAB16 carrying ligAB in 20 mM Tris-HCl buffer (pH 8.0) for 1 h at 30°C. The complete conversion of PCA into CHMS was confirmed by electrospray ionization-mass spectrometry (ESI-MS) and gas chromatography-mass spectrometry (GC-MS) with the conditions described below. The resultant CHMS solution was kept at room temperature for 1 h to be equilibrated between the open form and the cyclic hemiacetal forms. Vanillate and other chemicals were purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan) or Wako Pure Chemical Industries (Osaka, Japan).
DNA manipulations and nucleotide sequencing. DNA manipulations were carried out essentially as described elsewhere (1, 32) . A Kilosequence kit (Takara Shuzo Co., Ltd., Kyoto, Japan) was used to construct a series of deletion derivatives, whose nucleotide sequences were determined by the dideoxy termination method with an ALFexpress DNA sequencer (Pharmacia Biotech, Milwaukee, Wis.). The Sanger reaction (33) was carried out using the Thermosequenase fluorescence-labeled primer cycle sequencing kit with 7-deaza dGTP (Amersham Pharamacia Biotech, Little Chalfont, United Kingdom). Sequence analysis and homology alignment were done using the programs of GeneWorks (IntelliGenetics, Inc., Mountain View, Calif.). The DDBJ databases were employed to search for homologous proteins. Southern hybridization analysis of SYK-6 and its CHMS dehydrogenase gene (ligC) insertion mutants was performed with the DIG system (Boehringer Mannheim Biochemicals, Indianapolis, Ind.).
Enzyme assay. CHMS dehydrogenase activity was spectrophotometrically determined by measuring the increase in the absorbance at 340 nm derived from the production of NADH (ε 340 ϭ 6,600 M Ϫ1 cm
Ϫ1
; pH 8.0) or NADPH (ε 340 ϭ 5,070 M Ϫ1 cm
; pH 8.0) from NAD ϩ or NADP ϩ , respectively, using a DU-7500 spectrophotometer (Beckman, Fullerton, Calif.). Since the reaction product, PDC, has absorbance at 340 nm (ε 340 ϭ 2,540 M Ϫ1 cm
; pH 8.0) and PDC is produced in an equimolar amount with NADH or NADPH, the increase of absorbance at 340 nm represents the sum of the amount of NADH or NADPH and PDC. We estimated the actual amount of NADH or NADPH by using the sum of molar extinction coefficients for NADH or NADPH and PDC. The 1-ml reaction mixture contained 150 M CHMS, 200 M NAD ϩ or NADP ϩ , and the enzyme in 20 mM Tris-HCl buffer (pH 8.0). The reaction was carried out at 25°C in a cuvette. One unit of the enzyme is defined as the amount that converted 1 mol of NAD ϩ or NADP ϩ to NADH or NADPH, respectively, per min at 25°C. Specific activity was expressed as units per milligram of protein. The optimum pHs were examined in the pH range of 6.0 to 9.0 by using buffers consisting of 20 mM potassium phosphate (pH 6.0 to 8.0) and 20 mM Tris-HCl buffer (pH 7.5 to 9.0). The K m and V max values were calculated by the Hanes-Woolf plots obtained from at least three independent experiments.
Enzyme purification. Enzyme purification was performed according to the method described below using a BioCAD700E apparatus (PerSeptive Biosystems, Framingham, Mass.).
(i) Preparation of cell extract. The cells were grown in 100 ml of LB medium containing 100 mg of ampicillin per liter at 37°C. The expression of the ligC gene was induced for 3.5 h by adding isopropyl-␤-D-thiogalactopyranoside (final concentration, 1 mM) when the optical density (660 nm) of culture reached 0.5. The cells were then pelleted and resuspended in 20 mM Tris-HCl buffer (pH 8.0) (buffer A). Bacterial cells were broken by two passages through a French pressure cell. Crude cell lysate was centrifuged at 15,000 ϫ g for 15 min. Streptomycin (final concentration, 1%) was added to the supernatant that was centrifuged at 15,000 ϫ g for 15 min to remove nucleic acids. The supernatant was recentrifuged at 150,000 ϫ g for 60 min at 4°C and concentrated by ultrafiltration using a Minicon B15 filter (Amicon, Beverly, Mass.) to obtain the crude extract.
(ii) POROS PI anion-exchange chromatography. The crude extract was applied to a POROS PI (polyethyleneimine) column (7.5 by 100 mm) (PerSeptive (iii) POROS HQ anion-exchange chromatography. The fractions containing CHMS dehydrogenase activity eluted from a PI column were pooled, desalted, and concentrated by ultrafiltration using a Minicon B15 filter. The resulting solution was applied to a POROS HQ (quaternized PI) column (4.6 by 100 mm) (PerSeptive Biosystems) previously equilibrated with buffer A. The enzyme was eluted with 33 ml of a linear gradient of 0 to 0.5 M NaCl. The fractions containing CHMS dehydrogenase activity eluting at approximately 0.23 M were pooled.
(iv) POROS PE hydrophobic-interaction chromatography. The fractions containing CHMS dehydrogenase activity were pooled, desalted, and concentrated as described above. Ammonium sulfate was added to the enzyme solution to a final concentration of 2 M. After the centrifugation at 15,000 ϫ g for 10 min, the supernatant was applied to a POROS PE (phenylether) column (4.6 by 100 mm) (PerSeptive Biosystems) equilibrated with buffer B (buffer A containing 2 M ammonium sulfate). The enzyme was eluted with 25 ml of a linear gradient of 2.0 to 0 M ammonium sulfate. The fractions containing CHMS dehydrogenase activity eluting at approximately 1.62 M were pooled, desalted, and concentrated as described above. Glycerol was added to a final concentration of 10%, and the purified enzyme was stored at Ϫ80°C until use.
Analytical methods. The protein concentration was determined by the method of Bradford (4) . The homogeneity of the enzyme preparation was examined by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE) (12) . The molecular mass of the native enzyme was determined by Superdex200 HR10/30 (Pharmacia Biotech) gel filtration column chromatography using a BioCAD700E apparatus. The elution was performed using 50 mM potassium phosphate buffer (pH 7.0) containing 0.15 M NaCl with a flow rate of 0.5 ml/min. The molecular weight was estimated based on the calibration curve of reference proteins.
To determine the N-terminal amino acid sequence, the purified enzyme was subjected to SDS-PAGE (12% polyacrylamide gel) and electroblotted onto a polyvinylidene difluoride membrane (Bio-Rad, Hercules, Calif.). The enzyme band was cut out and analyzed on a PPSQ-21 protein sequencer (Shimadzu, Kyoto, Japan). The isoelectric point of LigC was determined by isoelectric focusing on an Ampholine PAG plate (pH 3.5 to 9.5) (Pharmacia Biotech) using a model Multiphor II electrophoresis system (Pharmacia Biotech).
Identification of the substrate and the reaction products was carried out using a GC-MS (model 5971A; Hewlett-Packard Co., Palo Alto, Calif.) with an Ultra-2 capillary column (50 m by 0.2 mm; Hewlett-Packard Co.) and an ESI-MS (HP1100 series LC-MSD; Hewlett-Packard Co.). For GC-MS analysis, the substrate and the reaction products in the buffer were acidified and extracted with ethylacetate, and then the extract was dried in vacuo and trimethylsilylated (TMS). The analytical conditions for GC-MS were the same as described in the previous study (23) . In the analysis by ESI-MS, mass spectra were obtained by negative-mode ESI, with a needle voltage of Ϫ3.5 kV and a source temperature of 350°C. The sample was diluted 10-fold with 10 mM Tris-acetate buffer (pH 8.0) and injected into the flow system; the water/methanol ratio was 90:10 (vol/vol), and the flow rate was 0.2 ml/min.
Disruption of the ligC gene. The 2.5-kb XbaI-EcoRI fragment carrying ligAB and part of ligC was cloned into pBluescript II SK(ϩ) to generate pABC25. The BsmI fragment in the ligC gene of pABC25 was replaced by the 1.2-kb PstI fragment carrying the kanamycin resistance gene from pUC4K. The XbaI-EcoRI fragment of the resultant plasmid pABC25K containing the inactivated ligC gene was cloned into pK19mobsacB (34) to generate pLCD1.
The ligC-disrupted plasmid, pLCD1, was introduced into the SYK-6 cells by electroporation with a Genepulser (Bio-Rad). The colonies resistant to both kanamycin and sucrose were selected as described earlier (23) . Southern hybridization analysis of the PstI digests of total DNAs prepared from the candidates for mutants was carried out with the 1.0-kb XhoI-EcoRI and 1.2-kb PstI fragment probes containing ligC and kanamycin resistance genes, respectively.
The metabolites of vanillate by the ligC insertion mutant (DLC) were analyzed. DLC cells grown in 10 ml of LB medium were washed with 10 mM Tris-acetate buffer (pH 8.0). The cells were resuspended in the same buffer and incubated with 12 mM vanillate for 12 h at 30°C. After centrifugation, the supernatant was diluted 20-fold with the buffer and analyzed by ESI-MS as described above.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper was deposited in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession no. AB035122 and M34835. 
RESULTS
Isolation and nucleotide sequence of the CHMS dehydrogenase gene. CHMS dehydrogenase activity was detected in the crude extract of Pseudomonas putida PpY1100 harboring pVA01, which contained the PCA 4,5-dioxygenase (ligAB) and PDC hydrolase (ligI) genes. Deletion analysis of pVA01, whose deletions were generated by partial SalI digestion, indicated that the intact CHMS dehydrogenase gene was included in pVAD4 but not in pVAD2 (Fig. 2A) . These results suggested that the CHMS dehydrogenase gene was localized downstream of ligB. However, the E. coli transformant harboring pHN139F and pHN139R containing the 10.5-kb EcoRI fragment of pVA01 did not show CHMS dehydrogenase activity ( Fig. 2A) , and this suggested that the CHMS dehydrogenase gene was truncated at the right end of the 10.5-kb EcoRI fragment. Thus, the 0.4-kb EcoRI fragment located in the right end of pVA01 seemed to contain a part of the CHMS dehydrogenase gene. We determined the nucleotide sequences of the 1.0-kb XhoI fragment and the 0.4-kb EcoRI fragment carrying the partial CHMS dehydrogenase gene. In the 1,608-bp DNA region bounded by the PstI and EcoRI sites, a unique open reading frame (ORF) of 945 bp preceded by a putative ribosome binding site (AGGA) (35) was found and seemed to be the CHMS dehydrogenase gene. This ORF was designated ligC. The 1.4-kb DNA region bounded by SmaI and EcoRI sites carrying the entire ligC gene was cloned in pET21(ϩ) to construct pSM21, and ligC was expressed in E. coli BL21(DE3) under the control of the T7 promoter. Production of the 35-kDa protein was observed by SDS-PAGE (data not shown). The size of this product is close to the molecular mass calculated from the deduced amino acid sequence of ligC (M r , 34,590). Incubation of CHMS with the crude cell extract containing the ligC gene product (LigC) revealed the decrease in the absorbance at 410 nm derived from CHMS and the increase in the absorbance at 340 nm derived from NADH or NADPH and PDC, which is the reaction product of CHMS (data not shown). These results indicated that LigC actually encodes the CHMS dehydrogenase.
A similarity search of the deduced amino acid sequence of ligC revealed 19 to 20% identity with 3-chlorobenzoate cis-4,5-dihydrodiol dehydrogenase (CbaC) of Alcaligenes sp. strain BR60 (25) and phthalate cis-4,5-dihydrodiol dehydrogenases of P. putida NMH102-2 (Pht4) (28) and Burkholderia cepacia DBO1 (OphB) (5). These aromatic dihydrodiol dehydrogenases, whose substrate is a dihydrodiol compound with a carboxyl group, are thought to be a new class of alcohol dehydrogenase, which has little similarity to the group I, II, and III microbial alcohol dehydrogenases (24, 31) .
Purification of CHMS dehydrogenase. In order to characterize the enzyme properties of CHMS dehydrogenase, LigC was purified from the cell extract of E. coli harboring pSM21 by a series of column chromatography procedures with PI, HQ, and PE. LigC was purified approximately 14-fold to near homogeneity with a recovery of 10% (Table 2) . N-terminal amino acid sequencing revealed that the first 20 residues completely corresponded to the deduced amino acid sequence of ligC.
Conversion of CHMS into PDC by purified LigC. The TMS derivative of CHMS could not be detected by GC-MS, probably due to its instability, so we employed ESI-MS. Negativeion ESI-MS spectra of CHMS yielded a deprotonated molecular ion at m/z 185.0. When 200 M CHMS was incubated for 1 h with 0.5 g of purified LigC and 200 M NADP ϩ , the ion at m/z 185.0 disappeared completely, and the reaction product ion at m/z 183.0 appeared, which corresponds to the deprotonated molecular ion of PDC. When NADP ϩ was omitted, the product was not detected. Figure 3 shows the GC and mass spectrum of the TMS derivative of the reaction product of LigC from CHMS. A product peak with a retention time of 27.8 min was observed, and the mass spectrum of the product was identical to that of the authentic PDC. Thus, we concluded that LigC catalyzed the conversion of CHMS into PDC depending on the presence of NADP ϩ . Enzyme properties. Gel filtration column chromatography with a Superdex200 chromatograph demonstrated that the molecular mass of the native LigC was 67 kDa, indicating its dimeric structure. The optimum pH and temperature were estimated to be 8.0 and 25°C, respectively, and the isoelectric point was determined to be 5.3. Table 3 shows the kinetic constants of LigC. With setting of the initial concentration of CHMS to 150 M, LigC showed 10-times-higher affinity to NADP ϩ than to NAD ϩ . K m for NAD ϩ was estimated to be 252 M. V max for CHMS oxidation with NAD ϩ showed a value similar to that with NADP ϩ . With adjustment of the initial concentration of a cofactor to 200 M, K m for CHMS with NAD ϩ agreed with that with NADP ϩ . However, V max for CHMS oxidation with NAD ϩ did not agree with that with NADP ϩ . The former is two times lower than the latter. These results are probably due to the initial concentration of NAD ϩ (200 M) used being lower than the K m value for NAD ϩ (252 M). We also examined the influence of sulfhydryl reagents on LigC. Treatments of 5 g of purified LigC with p-chloromercuribenzoate (10 M), HgCl 2 (10 M), or 5,5Ј-dithiobis(2-nitrobenzoate) (100 M) for 1 h inhibited 78, 83, or 98% of LigC activity, respectively. These results suggested that a cysteine residue might be involved in the enzyme reaction. Neither inhibition nor stimulation of enzyme activity was observed in the presence of 5 mM EDTA.
ligC disruption in S. paucimobilis SYK-6. In order to clarify the involvement of the ligC gene in the degradation of model lignin compounds, the ligC gene in SYK-6 was disrupted. The insertion mutant of ligC was obtained by the introduction of pLCD1, in which ligC in the 2.5-kb XbaI-EcoRI fragment inserted in pK19mobsacB was inactivated by the insertion of the 1.2-kb kanamycin resistance gene. Southern hybridization analysis of the ligC insertion mutant using the ligC and the kanamycin resistance gene probes revealed that the ligC gene was inactivated by homologous recombination through the double crossover. This mutant strain was designated DLC and used for the following experiments (Fig. 2B) . DLC was not able to grow on vanillate, but there was no difference in the growth on syringate between DLC and the wild type, SYK-6.
The metabolites of vanillate accumulated during the incubation of the whole cells of DLC and SYK-6 pregrown in LB medium were analyzed by ESI-MS. After 12 h of incubation, only the remaining vanillate and the metabolite, PCA, were detected in the DLC culture, and no CHMS had accumulated (Fig. 4) . In the SYK-6 culture, vanillate disappeared thoroughly, and no metabolites were accumulated. When the broad-host-range vector pBBR122 carrying ligC (pBBRC1221) was introduced into the DLC cells, pBBRC1221 restored the ability to grow on vanillate. These results indicated the repression of PCA 4,5-dioxygenase activity in DLC.
DISCUSSION
The nucleotide sequence of ligC was determined in this study. The deduced amino acid sequence of the ligC gene revealed approximately 20% identity with CbaC of Alcaligenes sp. strain BR60 (25), Pht4 of P. putida NMH102-2 (28), and OphB of B. cepacia DBO1 (5), which are dehydrogenases for carboxylic cis-dihydrodiol compounds involved in the degradation of 3-chlorobenzoate or phthalate. The identities among these enzymes ranged from 45 to 64%, and they do not have any apparent relationship with group I (long-chain zinc-dependent enzyme), group II (short-chain zinc-independent enzyme), or group III (iron-activated enzyme) microbial NAD(P) ϩ -dependent alcohol dehydrogenases (31) . Among the enzymes related to CbaC (CbaC family), the amino acid sequence H-(X) 11 -K-H-V-L-X-E-K-P-X-A was conserved (24) . LigC contains the largest part of this conserved sequence, spanning amino acid positions 75 to 96 [H-(X) 11 
The CbaC family members also had the consensus sequence G-X-X-G-X-G at their N terminus, which is thought to be the dinucleotide-binding motif for NAD (P) ϩ . However, instead of this motif, LigC had G-X-G-X-X-G. The length of LigC was 315 amino acids, which is much less than those of CbaC (397 amino acids), Pht4 (410 amino acids), and OphB (391 amino acids). Thus, LigC is similar to the CbaC family enzymes, but it does not have an obvious relationship with them.
The ligC gene was located 295 bp downstream of the ligB gene, and the putative -independent terminator was found 24 bp downstream of ligC. This suggested that the transcription of ligC terminates at this terminator. In addition to this sequence, the 21-bp inverted repeat sequence (nucleotide positions 86 to 106 and 213 to 233 in the sequence of AB035122) was found in the intergenic region between ligB and ligC. Further research is needed to address the actual operon structure of ligA, ligB, and ligC.
The ligC gene was expressed in E. coli, and its product was purified to near homogeneity. The reaction product from CHMS catalyzed by purified LigC was determined as PDC by both GC-MS and ESI-MS (Fig. 3) . These results are consistent with the reports of Maruyama (13, 14) and Kersten et al. (10) . Maruyama et al. initially proposed that the CHMS dehydrogenase would catalyze the conversion of CHMS into CHM, which was not confirmed experimentally (17) . Afterwards, Maruyama identified PDC as the reaction product and proposed that this enzyme would be involved in the oxidation of the hemiacetal form to PDC. CHMS seems to be in equilibrium between the open form and the cyclic hemiacetal form (Fig. 1) , as suggested by Kersten et al. (10) . Such an equilibrium between the open and cyclic hemiacetal forms is also suggested for the naphthalene metabolism by the NAH7 plasmid-encoded enzymes by Eaton and Chapman (7) . Based on the chemical structure of PDC as an ␣-pyrone, it would be produced from the cyclic hemiacetal form of CHMS. Previously, Maruyama et al. (17) determined the CHMS dehydrogenase activity by monitoring the decrease in absorbance at 410 nm, which is the absorption maximum of CHMS (17) . In this study, we monitored the generation of NADH and NADPH from NAD ϩ and NADP ϩ , respectively, during CHMS oxidation to examine the CHMS dehydrogenase activity. The absorbance at (17) . 410 nm of CHMS generated from PCA by LigAB gradually decreased; it did not correspond to the amount of CHMS estimated by ESI-MS. When CHMS was prepared from PCA, the amount of CHMS estimated by ESI-MS increased as time went by. However, the absorbance at 410 nm initially increased and then decreased (unpublished results), which indicates that the absorbance at 410 nm represents the amount of the open form of CHMS rather than the total amount of CHMS, and the absorbance at 410 nm is not a good index of the activity of CHMS dehydrogenase, whose substrate was suggested to be a hemiacetal form of CHMS by Kersten et al. (10) and Maruyama (14) .
The purified LigC showed features in common with CHMS dehydrogenase of Pseudomonas ochraceae, including the subunit structure, molecular mass, pI, and kinetic parameters (Table 3). Both enzymes showed a much higher affinity to NADP ϩ than to NAD ϩ , which is a remarkable common kinetic feature. Both were inhibited by the addition of sulfhydryl reagents. This may suggest that the cysteine residue plays a key role in the enzyme reaction. One of the possible roles of cysteine residue is as a ligand to a metal ion. Based on the fact that enzyme activities of both LigC and P. ochraceae CHMS dehydrogenase were not affected by the addition of EDTA, it is clear that the cysteine residue is not involved in the binding of metal ions such as zinc in the group I dehydrogenases (31) .
The ligC insertion mutant, DLC, lost the ability to grow on vanillate, indicating that the ligC gene is essential for vanillate catabolism (Fig. 2B) . On the other hand, the ligC disruption did not affect the growth on syringate. These results are consistent with those obtained regarding both the ligB (H. Aoshima, E. Masai, S. Nishikawa, Y. Katayama, and M. Fukuda, Abstr. 8th Int. Symp. Microb. Ecol., abstr. 93, 1998) and ligI (23) disruptions. Although PCA 4,5-dioxygenase has the ability to convert 3-O-methylgallate, a metabolic intermediate of syringate, to PDC (10), these results indicated that syringate is mainly metabolized through a pathway in SYK-6 other than the PCA 4,5-cleavage pathway encoded by the ligAB, ligC, and ligI genes.
Interestingly, it was not CHMS but PCA which accumulated from vanillate during the incubation with the ligC insertion mutant DLC (Fig. 4) . When pBBRC1221 carrying ligC was introduced into the strain DLC, the resultant transformant recovered the ability to grow on vanillate. We confirmed that the PCA 4,5-dioxygenase activity of the cell extract of E. coli carrying ligAB in response to 100 M PCA was not inhibited by the equivalent molar amount of CHMS (data not shown). This result suggested that the accumulation of PCA observed in the DLC culture containing vanillate was not due to the product inhibition of PCA 4,5-dioxygenase. Thus, PDC seemed to be an inducing substance for PCA 4,5-dioxygenase encoded by ligAB. In the absence of PDC, PCA 4,5-dioxygenase is not induced in DLC and PCA will be accumulated instead of CHMS. This notion is supported by the results with ligI insertion mutant DLI, which accumulated PDC from vanillate (23) . To address the details of regulation of the PCA 4,5-cleavage pathway genes, promoter regions and the regulatory genes governing them should be clarified.
